The composite membranes comprising of sulfonated polymers as matrix and ionic liquids as ion-conducting medium in replacement of water are studied to investigate the effect of annealing of the sulfonated polymers. The polymeric membranes are prepared on recast Nafion containing the ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF 4 ). The composite membranes are characterized by thermogravitational analyses, ion conductivity and small-angle X-ray scattering. The composite membranes annealed at 190 o C for 2 h after the fixed drying step showed better ionic conductivity, but no significant increase in thermal stability. The mean Bragg distance between the ionic clusters, which is reflected in the position of the ionomer peak (small-angle scattering maximum), is larger in the annealed composite membranes containing EMIBF 4 than the non-annealed ones. It might have been explained to be due to the different level of ion-clustering ability of the hydrophilic parts (i.e., sulfonic acid groups) in the non-and annealed polymer matrix. In addition, the ionic conductivity of the membranes shows higher for the annealed composite membranes containing EMIBF 4 . It can be concluded that the annealing of the composite membranes containing ionic liquids due to an increase in ion-clustering ability is able to bring about the enhancement of ionic conductivity suitable for potential use in proton exchange membrane fuel cells (PEMFCs) at medium temperatures (150-200 o C) in the absence of external humidification.
Introduction
Proton exchange membrane fuel cells (PEMFCs) generally use perfluorosulfonic acid polymers such as Nafion since they possess high ionic conductivity along with good mechanical properties, and are normally operated at 80 o C under fully hydrated conditions. 1) However, the demand on high temperature (150-200 o C) and no external humidification operation of PEMFCs is recently increasing due to the carbon monoxide (CO) poisoning of the platinum catalyst and system complexity in conventional PEMFCs, which increase the cost of PEFC. 2) However, Nafion membranes can not be used at higher temperatures (>80 o C) since the ionic conductivity is strongly dependant on humidity and thus an increase in temperature above 80 o C leads to a loss in fuel cell performance due to a drastic decrease in ionic conductivity by the loss of water by evaporation. 3) This problem can be addressed by using membranes which do not require water for ionic conduction but use an alternative solvent with higher boiling point and other necessary properties. Recently, E. Cho et al. 4) have reported that the characteristics of composite membranes containing ionic liquids were very similar to those of water swollen membranes, which are an increase in ionic conductivity with an increase in the degree of sulfonation of polymers and in the content of ionic liquids. S.S. Sekhon et al. 1, 5, 6) have concluded that the morphology studies of composite membranes containing ionic liquids by small-angle X-ray scattering (SAXS) confirmed the formation of ionic clusters in the composite membranes and the proportional correlation between the size of clusters obtained by SAXS and ionic conductivity. The composite membranes containing ionic liquids should have more content of ionic liquids to get higher ionic conductivity, but more content of ionic liquids causes poor mechanical strength and significant gas permeation. In an effort to reduce the content of ionic liquids without a significant loss in ionic conductivity, J.-S. Baek et al. 7) have found that the addition of the acids with common anion of ionic liquids into the composite membranes containing ionic liquids brought about an increase in the size of ionic clusters by SAXS and in ionic conductivity.
Annealing studies of sulfonated polymers have been reported numerously in literature. The preparation or annealing temperature has been reported to have much influence on the crystallinity and microstructure of Nafion electrolytes and accordingly the favor formation of ionic clusters, leading to an increase in ionic conductivity. 8) Moore et al. 9, 10) annealed Nafion ionomers at temperatures in the range of 120-250 o C and suggested that the elevated temperature could provide sufficient thermal energy to the polymer chains to improve the mechanical behavior of the membranes. Early research about casting Nafion electrolyte membranes demonstrated that the elevated annealing temperature could increase crystallinity and promote the formation of ionic clusters in the membrane. 11) Another research on casting PFSA membranes revealed that the annealing process decreased the crystallinity of the membranes and provided sufficient thermal energy to activate the movement of the SO 3 site buried in the C-F chains, forming more stable and larger ionic clusters in the electrolyte membrane. 12) In this study, composite membranes containing ionic liquids were prepared using Nafion dispersion as polymer matrix and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF 4 ) as ion-conducting medium by solution casting with various annealing conditions. In order to investigate the annealing effect of the composite membranes containing ionic liquids, the properties such as ionic conductivity, thermogravitational analysis and smallangle X-ray scattering were compared between nonand annealed composite membranes.
Experimental

Polymer
The Nafion solution (perfluorosulfonic acid/TFE copolymer resin (5-6%), 1-propanol (42-54%), water (40-50%), ethyl alcohol (< 8%), mixed ethers and other VOCs (< 2%)) was purchased from Dupont (USA).
Ionic liquids
The ILs used in this study, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF 4 ) was purchased from TCI (Japan).
Composite membranes
The composite membranes containing the same concentrations of the IL (50 wt%) and the polymer (50 wt%) were prepared by the solution casting method described elsewhere. 4, 5) The 10 wt% of N,N-dimethylacetamide (DMAc) was added into the polymer solutions, and then the solutions were stirred overnight. As summarized in Table 1 , all the samples (non-annealed and annealed ones) were cast in Petri dishes and were finally dried in a vacuum oven at 40 o C for 12 h under no vacuum and then at 110 o C for 12 h under vacuum to evaporate the solvent slowly and completely.
Annealing
All the membrane samples were annealed under various conditions summarized in Table 1 . As summarized in Table 1 , the recast Nafion membranes and the composite ones containing EMIBF 4 used the same drying condition for solvent evaporation, and then each membrane applies for the same annealing at atmosphere for 2 h. Annealing temperatures studied were 150, 170 and 190 o C.
Characterization
Ionic conductivity of the composite membrane samples was measured by the four-point-probe conductivity cell described elsewhere. 13) The conductivity cell was placed in the head-space of a temperature controlled sealed vessel, which maintained required relative humidity, i.e., 100% for recast Nafion membranes or anhydrous for composite membraens containing ionic liquids. The size of the membrane samples was 2 cm long and 1 cm wide. The impedance data for ionic conductivity of the membranes were obtained by impedance spectroscopy using a Bio-Logic SP-150. The measurements were carried out in potentiostatic mode in the frequency range of 0.1 Hz to 0.5 MHz with 5 mV oscillating voltage. Ionic conductivity of the samples was calculated from the impedance data using the equation (1):
where σ is the ionic conductivity (S cm −1 ), L the distance between two potential sensing platinum wires, R the membrane resistance derived from the impedance value at zero phase angle, W the width between the potential sensing platinum wires and d the hydrated membrane thickness. The electrochemical data were averaged using three measurements, and the standard deviation of all data was below 1%. The density of membrane was measured from a known membrane dimension and weight after memebrane casting.
Morphology characterization of the membranes was studied by the SAXS. SAXS experiments were performed at a Rigaku D/max-2500 (5 kW) with an image plate system equipped using X-rays with a wavelength of 1.5406 Å. The crystalline nature of composite membrane was studied by X-ray diffraction (XRD) analysis using Rigaka D/MAX-RB X-ray diffractometer.
The ion exchange capacity (IEC) for recast Nafion membranes was measured by a back titration method. Dried composite membranes were firstly soaked in a 1 M NaOH solution and titrated with 0.01 M HCl using phenolphthalein as an indicator.
The water uptake of recast Nafion membranes was determined as the following equation (2):
where W dry is the weight obtained after the membrane was completely dried in a vacuum oven and W wet is the weight measured at the fully hydrated state for 1 day.
The thermal stability of the thorough dried composite membranes was examined by thermogravimetric analysis (TGA) using a TGA 2050 instrument (TA instruments).
Heat scans were carried out under nitrogen and a heating rate of 10 o C/min under a nitrogen atmosphere was used over the temperature range of 100 to 600 o C.
Results and discussion
The proton conduction of water swollen membranes is carried out by hopping (transport by hydronium ions, H 3 O + ) and vehicular (transport by diffusion) mechanisms. Most of protons in sulfonated polymers are conducted by hopping from a hydronium ion to a water molecule. High water content in the polymer results in high ionic conductivity since water channels are formed significantly for proton conduction. Too much water content, however, brings about a decrease in mechanical and dimensional stability and an increase in gas permeation during fuel cell operation. Thus, the favor formation of water cluster network at low water content is of importance. Perfluorosulfonic acid (PFSA) polymers such as Nafion well forms water cluster network at low content of water due to great difference between hydrophobicity of backbone and hydrophilicity of long side chain. Similarly, the composite membranes containing ionic liquids also need to form cluster network by ionic liquids since proton is mainly transported by hopping from one imidazole group of cation of ionic liquids to another. Hence, more content of ionic liquids is necessary for higher ionic conductivity, but too much content of ionic liquids might make the aforementioned problems during fuel cell operations significant.
In this study, annealing of composite membranes containing ionic liquids was carried out to make polymers more dense, which might increase crystallinity and promote the formation of ionic clusters in the membrane, and investigation on polymer density of Nafion before and after annealing at 190 o C has confirmed a 3.7% increase from 1.91 to 1.98 g cm −3 , respectively. Firstly, in order to study the effect of annealing on properties of a polymer matrix, annealing of recast Nafion membranes was carried out with various annealing conditions. Fig. 1 shows the variation of membrane properties such as ionic conductivity, ion exchange capacity and water content of recast Nafion membranes with annealing temperature and compares the membrane properties of annealed recast Nafion membranes to those of a non-annealed one. The inset lines indicate the reference values of a non-annealed recast Nafion mem- Fig. 1 . It is found that ionic conductivity of all the annealed membranes is higher than that of a non-annealed one at all the annealing temperatures studied in this study. As annealing temperature from 150 to 190 o C increases, ionic conductivity also increases. However, no change of other membrane properties, i.e., ion exchange capacity and water content, is observed. It is thought that the annealing temperatures tested in this study cause no decomposition of sulfonic acid groups during an annealing step. Therefore, no change of water content is obtained since the same number of ion-exchangeable sites by sulfonic acid groups is kept. It can be inferred that annealing promotes the formation of ionic clusters in recast Nafion membranes and thus the composite membrane containing ionic liquids in which recast Nafion is used as polymer matrix is influenced in membrane properties. Fig. 2 shows the variation of ionic conductivity of the Nafion recast membranes containing EMIBF 4 before and after annealing. It can be observed under anhydrous status that ionic conductivity of the composite membranes increases with temperature. As discussed in other literature, 1, [4] [5] [6] it is believed that ionic liquids well provide pathways to conduct ions through the composite membranes. A previous study found that the ionic conductivity of composite membranes containing ionic liquids increases as the ionic conductivity of the polymer matrix used in the composite membranes increases 4) In this point of view, if annealing increases crystallinity of the composite membranes containing EMIBF 4 and promotes the formation of ionic clusters in the membrane, the ionic conductivity of annealed composite membranes has to be higher than that of non-annealed ones. As expected, Fig. 2 shows higher ionic conductivity of the annealed composite membranes containing EMIBF 4 than that of the non-annealed ones. It is found that the difference in ionic conductivity between the annealed and the nonannealed composite membranes increases as temperature increases. At low temperatures, the composite membranes containing EMIBF 4 is not thermally activated, and the property enhanced by annealing does not projects the property, in particular, ionic conductivity of the composite membranes. However, as the composite membranes are thermally getting activated, the difference in ionic conductivity can be observed to increase. In addition, it was found by XRD studies that the annealing of the recast Nafion polymer has increased polymer crystallinity (note that crystallinity of recast Nafion polymer nonannealed was 12.8%) and an increase in crystallinity of recast Nafion polymer annealed has been observed to be 13.3, 13.9 and 14.7 at annealing temperatures of 150, 170 and 190 o C, respectively. It can be concluded that an increase in polymer crystallinity results in an increase in ionic conductivity.
As mentioned earlier, enhanced ionic conductivity of the composite membranes containing EMIBF 4 is due to the effect of annealing which is capable of the formation of better ionic cluster. Ionic cluster network is a proposed structure comprised of spherical ionic clusters and connection between ionic clusters. [14] [15] [16] [17] [18] The formation of spherical ionic clusters in membranes is done by the reorganization of hydrophilic side chains solvated by solvents such as water (in general) or ionic liquids (in this study). SASX is usually being used to study scattering of intermolecular like scattering between clusters. Fig. 3 shows the SAXS curves of dry recast Nafion and composite membrane containig EMIBF 4 . The SAXS profile for water swollen Nafion membranes generally shows the presence of (i) an upturn in the intensity at very small q values (< 10 −2 Å −1 ), (ii) matrix peak, (iii) an ionomer peak and (iv) Porod (tail) region at high q values. A representative SAXS curves are given in Fig. 3 for dry recast Nafion membrane and the composite membrane containing EMIBF 4 of 50 wt%. The upturn at small q values (< 10 −2 Å −1 ) for both the membranes is not observed in the present case since scattering curve is recorded for q values greater than 10 −2 Å −1 only. The ionomer peaks in the mid q region which is generally attributed to the presence of ionic clusters in perfluorinated ionomer membranes has been observed in both the membranes. In case of the dry recast Nafion membrane, two ionomer peaks have been observed at q values of ~0.06 and above 0.2 Å −1 . The peak at relatively lower q value (~0.06 Å −1 ) was earlier attributed to long period between lamellar crystallites in water swollen Nafion membranes. 19) Fig. 4 shows a similar look of the SAXS curve of the composite membranes containing EMIBF 4 shown in Fig. 3 . It is, however, noted that the SAXS curve of the annealed composite membrane has a little different look compared to that of the non-annealed one. This change might be brought about by the effect of annealing. Interestingly the ionomer peak of the annealed composite membrane becomes much sharper and shifts to a lower q value. It means that the formation of ionic clusters in the composite membrane is promoted by annealing. The position of the scattering maximum q max can be related to the Bragg distance d max by the relation d max = 2π/q max . The evolution of the Bragg distance has been calculated for the composite membranes containing EMIBF 4 . 19, 20, 21) As shown in Fig. 4 , the maximum q value was shifted from 0.151 to 0.135 before and after annealing, respectively. For the non-annealed and annealed composite membranes, the Bragg distances have been observed to be 41.6 and 46.5 Å, respectively. An increase in Bragg distance means that the size of ionic clusters has increased since annealing is affected to promote the formation of ionic clusters. This result is in good agreement with the result of ionic conductivity of the composite membranes before and after annealing as shown in Fig. 1 . In other words, the greater Bragg distance is, the higher ionic conductivity is. Fig. 5 shows the SAXS curves of the composite membranes containing EMIBF 4 with different annealing conditions. The SAXS of the composite membrane annealed at 150 o C for 2 h (not shown here) is very similar to that annealed 170 o C for 2 h, and has shown almost the same maximum q value. For the composite membrane annealed 190 o C for 2 h, a whole look of the SAXS are very similar to one annealed 170 o C for 2 h, but the maximum q value decreases from 0.138 to 0.135, which means that Bragg distance increases from 45.5 to 46.5 Å. It is found that annealing temperature need to be optimized. Among the annealing temperatures tested in this study, i.e., 150, 170 and 190 o C, annealing at 190 o C significantly influences to promote the morphology of the composite membranes and then the membrane property such as ionic conductivity. Fig. 6 shows the thermogravimetric analysis (TGA) curves of the recast Nafion membranes and the composite ones containing EMIBF 4 . The TGA curves of both membranes have two distinguishable steps which are affected by a decomposition of sulfonic acid groups at ~300 o C and by a decomposition of main chain ~400 o C. However, the TGA curve of the composite membrane shows better thermal stability after a temperature at which sulfonic acid groups are decomposed. It might be due to the effect of the ionic liquid contained since the recast Nafion was totally dried for TGA. It was found that the TGA curves of annealed recast Nafion and composite membranes were almost the same to those of non-annealed ones (not shown here). Thus, it can be inferred that the annealing used in this study significantly influences no change of thermal stability.
Conclusions
The effect of annealing of the composite membranes comprising of recast Nafion as polymer matrix and EMIBF 4 as ion-conducting medium on membrane properties was investigated in terms of ionic conductivity and SAXS. It was found that annealing of recast Nafion itself promotes the formation of ionic clusters to have better ionic conductivity and causes no decomposition of sulfonic acid groups. This resulted in an increase in ionic conductivity for the composite membranes containing EMIBF 4 . In addition, the enhancement of ionic conductivity was confirmed by lower-shifting of ionomer peaks in SAXS of the composite membranes containing EMIBF 4 which means an increase in the size of Bragg distance. As a result, it can be concluded that annealing of the composite membranes containing EMIBF 4 is able to increase the size of ionic clusters by making the polymer matrix of the composite membranes more dense, and thus it is possible to reduce the content of ionic liquids of composite membranes containing ionic liquids with no loss in ionic conductivity for anhydrous and high temperature proton exchange membrane fuel cells.
